Members of the Wnt family induce mouse mammary tumors and partially transform mammary epithelial cells in culture. However, their mechanism of transformation remains to be elucidated. In NIH3T3 mouse embryo ®broblasts, a standard transformation model, Wnt-1 and Wnt-2 were shown to induce altered properties including increased saturation density and growth in soft agar. Such cells also exhibited increased cell-cell adhesiveness. However, unlike oncogenes such as PDGFB or ras, Wnt-1 and -2 failed to induce detectable transformed foci following transfection, and stable NIH3T3 transfectants lacked tumor forming capacity. Wnt-1 and -2 transfectants exhibited increased uncomplexed, cytosolic bcatenin, which was not observed with PDGFB, ras or erbB2 transfectants. In transient transfection, Wnt-1 and -2 induced a rapid increase in cytosolic b-catenin but no detectable increase in the phosphorylated activated forms of MAP kinase. In contrast, ras was a potent activator of MAP kinase but had no eect on free b-catenin levels. These ®ndings establish that both Wnt signaling and pattern of growth alterations dier from those of oncogenes which activate proliferative signaling pathways in NIH3T3 cells.
Members of the multigene Wnt family encode secreted cell-signaling glycoproteins, which act by autocrine or paracrine modes (Lin et al., 1992; Echelard et al., 1994; Burrus and McMahon, 1995) and play important roles in morphogenic events during embryonic and postembryonic development (reviewed in Moon et al., 1997) . Their signal transduction pathways are thought to be functionally conserved in vertebrates and invertebrates (Rothbacher et al., 1995; Sokol et al., 1995) .
In addition to their role in development, Wnts have been implicated in oncogenesis through activation by MMTV promoter insertion (reviewed by Nusse and Varmus, 1992) . Wnt-2 gene ampli®cation and overexpression has also been found to be associated with the transition to a hormone independent stage of transplanted mouse mammary tumors (Roelink et al., 1992) . In cell culture, overexpression of various Wnt proteins in some rodent epithelial cell lines causes acquisition of some properties associated with the transformed phenotype (Brown et al., 1986; Rijsewijk et al., 1987; Blasband et al., 1992; Parkin et al., 1993; Olson and Papko, 1994; Wong et al., 1994; Bradley and Brown, 1995; Christiansen et al., 1996) . In addition, Wnt-1 was shown to transform RAC311C cells, a non-malignant variant of a mouse mammary tumor (Rijsewijk et al., 1987) .
Despite increased knowledge of Wnt biochemical signaling, understanding of the mechanisms by which these ligands exert their transforming eects has been hampered by lack of suitable assay cells to quantitate their biologic eects. Continuous ®broblast lines such as Balb3T3 and NIH3T3 have been particularly useful in studying a wide variety of oncogenes. However, most investigations have failed to detect any biologic eects of Wnt gene expression in such embryo ®broblast derived cell lines (Mason et al., 1992; Jue et al., 1992) , and there is only one report of Wnt induced growth alterations of the embryo ®broblast derived C3H10T 1/2 cells (Bradbury et al., 1994) . In the present studies, we analysed the biologic and biochemical eects of Wnt expression in 3T3 cell lines.
Altered growth properties of NIH3T3 transfectants selected for Wnt-1 or Wnt-2 expression Oncogenes such as c-sis/PDGFB, ras, or erbB2 induce morphologically altered, refractile cells which grow as transformed foci against the background of contact inhibited cells in NIH3T3 cells (Aaronson, 1991) . To investigate the biologic eects of Wnt-1 and Wnt-2 in these cells, we performed transfection analysis using an expression vector for PDGFB as a positive control. While PDGFB induced the formation of readily detectable transformed foci at high eciency (Table  1) , neither Wnt-1 nor Wnt-2 induced observable growth alterations under the same conditions (Table 1) .
When Wnt-1 and Wnt-2 transfected cultures containing hundreds of independent colonies were marker selected and grown up to mass culture, they grew to considerably higher densities than that of vector control transfectants selected under the same conditions ( Figure 1a ). In fact, the Wnt-1 and Wnt-2 transfectants resembled PDGFB selected transfectants in this regard (Table 1) . Similar ®ndings were obtained with another continuous embryo ®broblast line, Balb3T3 (data not shown).
There have been reports of increased adhesiveness as measured by increased aggregation in suspension of Wnt responsive epithelial cells (Bradley et al., 1993; Hinck et al., 1994) . Figure 1b shows that both Wnt-1 and Wnt-2 selected NIH3T3 transfectants demon-strated increased cell aggregation when compared to vector control transfectants. This increased aggregation was calcium dependent (data not shown), consistent with known requirements for cadherin mediated cellcell adhesiveness (Aberle et al., 1996) .
The altered growth properties of Wnt-1 and Wnt-2 stable transfectants implied that these genes were functionally expressed. Because suitable antibodies for immunologic detection of the respective Wnt proteins were not available, we also analysed the eects of expression vectors for Wnt-1 and Wnt-2 in which the coding region of each cDNA was fused in frame with the HFc portion of the mouse immunoglobin IgG 1 heavy chain cDNA (La Rochelle et al., 1995) . Both Wnt-1 and Wnt-2 HFc fusion proteins expressed under the control of the MLV LTR promoter caused the same morphologic alterations in marker selected NIH3T3 transfectants, and the proteins were readily detectable in these cells (our unpublished observations).
In chemically de®ned medium, two growth factors, EGF and IGF-I or insulin acting at high concentration
Figure 1 Altered properties of NIH3T3 transfectants selected for Wnt-1 and Wnt-2 expression. The pCEV29 expression vector, which contains the MLV LTR promoter, was previously described (Miki and Aaronson 1995; Chan et al., 1994) . To construct pCEV/Wnt-2, the entire open reading frame (ORF) of human Wnt-2 cDNA provided by A. Chan (Mount Sinai School of Medicine, NY) was ampli®ed by polymerase chain reaction (PCR) using the Expand High Fidelity PCR System (Boehringer Mannheim GmbH) for 19 cycles (denaturation at 948C for 1 min; annealing at 558C for 1 min; polymerization at 728C for 1 min) in the presence of sense oligonucleotide primer (5'-AACTGATGCAGACGCAAGGGGG-3') tagged with a BamHI recognition site, and antisense oligonucleotide primer (5'-GACGCCTGCTGGGGTCATGT-3') tagged with a SalI recognition site. The BamHI-SalI digested PCR product was sequenced to con®rm its authenticity. pMV/Wnt-1, which contains the MLV LTR promoter, was generously provided by A Brown (Cornell University Medical College, NY). (a) Morphological transformation: NIH3T3 cells (Jainchill et al., 1969) were transfected with control plasmid, Wnt-1 and Wnt-2 expressing vectors using the calcium phosphate precipitation method (Wigler et al., 1977) as described (Chan et al., 1994) . Cells were seeded 24 h prior to transfection at 1.5610 5 cells per 100 mm dish and exposed for 18 ± 20 h to the DNA precipitates. Forty mg of normal calf thymus DNA (Boehringer Mannheim) were coprecipitated as carrier. Medium change with DMEM containing 5% calf serum was performed twice weekly. Marker selected cultures were obtained by addition of 750 mg/ml of Geneticin (GIBCO) to medium containing 10% calf serum and were photographed after 2 weeks. (b) Increased cell adhesion assay: vector, Wnt-1 and Wnt-2 NIH3T3 transfectants were plated at 2.5610 5 cells per 100 mm dish. Twelve to ®fteen hours later, cultures were washed twice in PBS/5 mM EDTA and incubated in 5 ml of this solution for 30 min at 378C. The resulting cell suspensions were centrifuged for 1 min at 500 g and resuspended in 0.3 ± 0.5 ml of calcium free DMEM. 5610 5 cells were plated in 2 ml of either regular DMEM or calcium free DMEM supplemented with 2 mM EDTA onto 60 mm plates precoated with 3 ml of a 2% agarose solution in DMEM with or without calcium. After incubation for 2 h at 378C, cells were resuspended with a 2 ml pipette, observed by microscopy and photographed. No cell aggregates were visible in the absence of calcium or prior to incubation in the presence of calcium (data not shown) 0/6 6/6 0/6 0/6 0/6 4/6 0/6 0/6 *NIH3T3 cells were transfected with 1 mg of each plasmid DNA and marker selected cultures were counted after 2 weeks. }NIH3T3 cells were transfected with 1 mg of plasmid DNA and the number of foci was scored after 3 weeks. {Marker-selected NIH3T3 cells were suspended in 0.5% semisolid agar in growth medium. Colonies were scored after 3 weeks. {Marker-selected cultures (1610 6 per site) were inoculated subcutaneously into athymic nude mice. Animals were monitored weekly for 5 weeks for tumor formation through the IGF-I receptor can together induce the sustained proliferation of cells such as Balb/MK (Falco et al., 1988) or NIH3T3. In contrast, neither growth factor alone is capable of stimulating proliferation. While other growth factors such as PDGFB or FGF can substitute for EGF, they do not replace the IGF-I requirement. Previous studies have shown that oncogenes such as ras can substitute for the EGF but not the IGF-I requirement of such cells (Falco et al., 1988) . Thus, we sought to test whether the altered growth properties of Wnt-1 or Wnt-2 transfectants might be explained by their replacing a speci®c growth factor requirement.
As shown in Figure 2 , vector control, Wnt-1, Wnt-2, and PDGFB transfectants all grew in the presence of EGF and insulin, achieving higher saturation densities in each case than the vector control transfectants. These results re¯ected their growth properties in serum containing medium. In the absence of any added growth factors, there was no proliferation by any of the transfectants (data not shown). Of note, PDGFB transfectants grew well in medium lacking EGF, while neither Wnt-1 nor Wnt-2 transfectants were able to grow under these conditions (Figure 2) . Thus, PDGFB readily substituted for the EGF requirement, while Wnt-1 and Wnt-2 lacked this capacity. NIH3T3 cells produce IGF-I, so that the requirement for this growth factor is not as stringent as in cells such as Balb/MK (Falco et al., 1988) . Nonetheless, we failed to observe any increased proliferation of Wnt transfectants compared to control or PDGFB transfectants in the presence of EGF alone (Figure 2) , arguing that the Wnts do not act to promote cell proliferation by a mechanism involving increased IGF-I production or responsiveness.
Other known parameters of transformation include growth in semi-solid medium (Di Fiore et al., 1987) , and tumorigenicity. Stable PDGFB or ras transfectants grew with high eciency in soft agar relative to the vector control and made tumors rapidly when inoculated subcutaneously in nude mice (Table 1) . Wnt-1 and -2 transfectants exhibited a modest increase in agar colony formation compared to the control NIH3T3 transfectants, but the relative sizes and numbers of colonies formed were substantially lower than with either PDGFB or ras transfectants under the Figure 2 Comparative growth of stable NIH3T3 transfectants in serum containing medium or dierent chemically de®ned media. Sixty mm tissue culture dishes were precoated with 2 ml of ®bronectin (10 mg/ml) dissolved in PBS. After trypsinization, cells were centrifuged for 10 min at 1000 r.p.m. and resuspended in a 1 : 1 mixture of DMEM and Ham's F12 medium containing 5 mg/ml transferrin, 10 mM selenium and 0.2 mM ethanolamine (Sigma). Cultures were plated at 10 4 in the above described medium or in the same medium containing either 5 mg/ml insulin (Upstate Biotechnology) (I), 5 ng/ml EGF (PeproTech) (E) or both growth factors (I+E). Cells were also plated at the same density in DMEM supplemented with 5% calf serum. Medium was changed every 3 ± 4 days, and cultures were stained and photographed at 3 weeks same conditions (Table 1) . A comparison of agar colonies induced by PDGFB, Wnt-1 and Wnt-2 is shown in Figure 3 . However, neither Wnt-1 nor Wnt-2 transfectants exhibited tumor formation under conditions in which PDGFB transformed NIH3T3 were highly malignant (Table 1) .
Wnts activate signaling pathways in NIH3T3 cells distinct from those of other oncogenes
In responsive cells, Wnt stimulation results in increased b-catenin levels in the cytosolic fraction. This can be detected by cell fractionation (Papko et al., 1996; Rubinfeld et al., 1997) or by increased b-catenin available for binding to the C-terminal (b-catenin binding) region of E-cadherin fused to a convenient tag such as GST (Papko et al., 1996) . Figure 4a shows that whereas NIH3T3 vector controls expressed little, if any, detectable free b-catenin, both Wnt-1 and -2 transfectants exhibited a marked increase of more than 10 ± 20-fold in the free form. Based upon the amounts of free b-catenin detectable and assuming 100% recovery, at least 5% of the total cell b-catenin pool was present in the free form in Wnt-1 and Wnt-2 transfectants. This increase compared favorably with that observed by others in C57MG cells expressing Wnt-1 (Papko et al., 1996) and by us in both Wnt-1 and Wnt-2 transfectants of C57MG cells (data not shown). These ®ndings established biochemical as well as biological evidence of functional Wnt signaling in NIH3T3 cells.
We also analysed free b-catenin levels in stable NIH3T3 transfectants expressing oncogenes including PDGFB, mutant ras and erbB2. As shown in Figure  4a , none of these oncogenes caused any detectable increase in free b-catenin.
We next compared the eects of induced expression of Wnts on dierent signaling pathways by means of transient expression analysis in 293T cells. As shown in Figure 4b , Wnt-1 induced a more than 100-fold increase in free b-catenin levels, while Wnt-2 caused a less striking but still marked increase of more than tenfold compared to levels in vector control transfectants. The expression of transfected Wnt gene products in 293T cells was observed after 12 to 24 h with peak levels achieved within 72 h (data not shown). Thus, our detection of markedly increased free b-catenin levels by 48 h following Wnt-1 or -2 transfection indicates that the increase in free b-catenin re¯ects a rapid response to Wnt expression. Figure 4b also shows that under the same assay conditions, mutant ras induced no detectable increase in free b-catenin levels.
MAPK (also designated ERK) is a major signal transducer for many oncogenes including ras. To 5 cells per 60 mm plate in 2 ml of 0.5% Noble Agar in DMEM supplemented with 10% calf serum and 750 mg/ml of Geneticin on a layer of 4 ml of 1.0% agar containing medium. Cells were fed once per week with 4 ml of growth medium containing 0.5% agar. Representative ®elds were photographed at 3 weeks analyse MAPK activation, we utilized an antibody which speci®cally recognizes activated, phosphorylated forms of ERK p42 and p44 (Payne et al., 1991; Blumer and Johnson, 1994) . At 48 h following transfection, 293T cell lysates were subjected to immunoblotting analysis with this antibody or with a broadly reactive MAPK antiserum which recognizes all forms of these proteins. Figure 4c shows that whereas mutant ras induced a striking increase of 4®vefold in phosphorylated MAPK, neither Wnt-1 nor Wnt-2 caused any detectable alteration. Thus, the Wnts failed to detectably perturb this major oncogene signaling pathway.
In the present study, we investigated the biological and biochemical eects of Wnts using the well established NIH3T3 and Balb3T3 models for transformation. NIH3T3 cells selected for expression of these genes, grew abnormally, achieving 2.5 ± 3.0-fold higher PCR was then performed in the presence of the sense (5'-GGAATTCGGAGGAGAGCGGTGGTCAAAGAG-3') and the antisense (5'-GTCGACTCTASGTGGTCCTCGCCGCCTCCGTA-3') oligonucleotide primers, which were tagged with EcoRI and SalI recognition sites, respectively. Then, the EcoRI ± SalI digested PCR product was inserted in-frame downstream of the GST coding region in pGEX-5X-2 (Pharmacia Biotech). Control GST and GST-E-cadherin proteins were expressed in bacteria induced with 0.1 mM IPTG at 378C. Cells were pelleted, resuspended in cold PBS and lysed by passing the suspension twice through a French Press (SLM Instruments Incorporated). Homogenates were centriguted for 30 min at 48C, and the supernatants collected and stored at 7708C. The GST-E-cadherin and GST control proteins were puri®ed from the bacterial lysates by incubation for 30 min at room temperature with glutathione-Sepharose beads (Pharmacia), equilibrated in PBS. Following centrifugation, the beads were washed three times and resuspended in immunoprecipitation buer consisting of 10 mM sodium phosphate (pH 7), 0.15 M NaCl, 1% NP-40, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 2 mM sodium vanadate, 2 mM phenyl methyl sulfonyl¯uoride, for use in the assay for uncomplexed b-catenin. NIH3T3 cells stably transfected with vector control, Wnt-1, Wnt-2, PDGFB, H-ras and erbB2 were lysed in immunoprecipitation buer and extracts were clari®ed by centrifugation. 0.1 mg (lane a) or 1.0 mg (lane b) of total cell extracts were incubated with Sepahrose beads bound to the GST-E-cadherin or GST control (not shown). After 1 h of incubation at 48C the Sepharose beads were collected by centrifugation, washed in immunoprecipitation buer and dissolved in Laemmli buer. Total bcatenin levels (free+complexed) were determined by analysis of 25 mg of total cell lysates. b-catenin bound to glutathione-Sepharose beads or in total cell extracts was subjected to SDS ± PAGE followed by immunoblotting with a speci®c antibody against b-catenin (Transduction Laboratories). (b) Analysis of uncomplexed b-catenin levels following transient transfection of 293T cells. The 293T human embryonic kidney cell line was obtained from E Spanopoulou (Mount Sinai School of Medicine, NY). Cells were cultured in DMEM supplemented with 10% fetal calf serum (GIBCO). Seventy to 80% con¯uent cultures in 100 mm plates were transfected by the calcium phosphate method (described in the legend to Figure 1 ) with 3 mg of control plasmid, Wnt-1, Wnt-2 or H-ras oncogene expression vectors. Cells were incubated with the precipitated DNA for 5 ± 6 h and then washed in growth medium. At 48 h following transfection, the cells were solubilized and analysed for free and total b-catenin as described above. (c) Comparative MAPK activation following transient transfection of 293T cells. Cells were transfected with 3 mg of control plasmid, Wnt-1, Wnt-2 or H-ras oncogene expression vectors. At 48 h serum starved (24 h) cultures were rinsed in PBS 1 mM sodium vanadate and solubilized in lysing buer (20 mM HEPES pH 7.5, 10 mM EGTA pH 8.0, 40 mM b-glycerophosphate, 1% NP-40, 2.5 mM MgCl 2 , 2 mM sodium vanadate, 2 mM phenyl methyl sulfonyl¯uoride, 20 mg/ml aprotinin, 20 mg/ml leupeptin). 100 mg of total cell lysates were resolved by 12.5% SDS ± PAGE, and proteins were transferrred to Immobilon-P membranes. After blocking with 1% BSA in PBS, ®lters were incubated with a phospho-speci®c MAPK antibody (Promega) that detects phosphorylated forms of MAP kinases Erk1 and Erk2 (upper panel) . After stripping membranes were reprobed with a control MAPK antibody that detects total MAPK levels (lower panel). The p42 and p44 MAPK species are indicated density than similarly selected vector control. One previous report has also observed increased cell density induced by Wnts in the mesenchymally derived C3H10T 1/2 cell line (Bradbury et al., 1994) . Wnt-1 and -2 transfected NIH3T3 cells also showed greater Ca 2+ dependent cell-cell adhesiveness and formed colonies in soft agar with increased eciency. In these properties, Wnt-1 or -2 transfectants resembled transfectants expressing oncogenes such as sis/PDGFB or ras. Yet, unlike typical oncogenes, the Wnts failed to induce transformed foci in unselected cultures, and Wnt transfectants failed to induce tumors. Thus, Wnt altered NIH3T3 cells exhibited only a partially transformed phenotype.
Wnts are thought to act through the cytoplasmic phosphoprotein dishevelled (dsh) (reviewed in Perrimon, 1996) to inhibit the serine/threonine kinase activity of GSK3b. This results in decreased b-catenin degradation and elevation of free b-catenin levels (reviewed in Gumbiner, 1995) . Under such conditions, free b-catenin can interact physically with TCF-1/LEF-1 transcription factors and activate target genes (Behrens et al., 1996; Molenaar et al., 1996; Huber et al., 1996) . In epithelial cells, Wnt-1 expression induces increased levels of the soluble cytoplasmic form of b-catenin (Papko et al., 1996) . Our data indicates that Wnt-2, whose processing was similar to that of Wnt-1 (Blasband et al., 1992) , triggers this same signaling pathway and, thus, this pathway is operative in ®broblasts as well as in epithelial cells.
Mammalian GSK3b has been implicated in several signaling pathways, including those transduced by insulin, insulin-like growth factor, serum and EGF (reviewed in Cook et al., 1996) . GSK3b has been shown to be phosphorylated and inactivated by serinethreonine kinases, such as p90 S6 kinase (p90rsk) (Eldar-Finkelman et al., 1995) , and Akt (Cross et al., 1995) . Protein kinase C has also been reported to phosphorylate in vivo and inactivate GSK3b, suggesting that it may function upstream of GSK3b in Wnt signaling (Cook et al., 1996) . Moreover, oncogenes such as src-family members and EGF tyrosine kinases (Matsuiyoshi et al., 1992; Behrens et al., 1993; Hamaguchi et al., 1993; Hoschuetsky et al., 1994) phosphorylate b-catenin and have been reported to dissociate b-catenin-cadherin complexes. However, our analysis of both steady state and transient transfectants revealed no detectable eect of representative oncogenes on uncomplexed b-catenin. Thus, sis/PDGFB, ras, and erbB2 NIH3T3 transfectants exhibited no detectable increase in free b-catenin levels nor did we observe such an increase following transient ras transfection of 293T cells.
A number of oncogenes mediate their transforming eects at least in part through activation of the MAPK signaling cascade (Payne et al., 1991; Blumer and Johnson, 1994) . Whereas ras caused a ®vefold increase in active phosphorylated MAPK species following transient transfection of 293T cells, neither Wnt-1 nor -2 led to any observable increase in levels of this signaling molecule. Similar results have been reported for 10T 1/2 cells in response to Wg/Wnt stimulation (Cook et al., 1996) . Ras also activated the JNK cascade, while neither Wnt-1 nor Wnt-2 exerted any discernible upregulation of JNK activity (unpublished observations). At a functional level, the absence of perturbations of proliferative signaling by Wnts was con®rmed by NIH3T3 growth assays utilizing chemically de®ned medium requiring two growth factors, EGF and IGF-I/insulin. Whereas a standard oncogene, sis/PDGFB caused proliferation in the absence of EGF, Wnt-1 or Wnt-2 failed to abrogate NIH3T3 requirements for EGF or IGF-I/ insulin. Hinck et al., (1994) have reported that epithelial cells expressing Wnt-1 exhibited Ca 2+ dependent aggregation due to increased cadherin mediated cell-cell adhesion. In our present studies, we were able to show that this response was induced by Wnt-1 and -2 in NIH3T3 cells. These ®ndings suggest that the altered phenotype of Wnt transfectants, i.e. increased saturation density and agar colony formation, may relate to increased cell-cell adhesiveness rather than to increased proliferative signaling as observed with other oncogenes. It should now be possible to dissect how the alterations induced by Wnts cooperate in the neoplastic process with those caused by oncogenes which provide a proliferative advantage using the NIH3T3 model system.
